I. INTRODUCTION
Concentrating solar power (CSP) is an attractive means of generating electricity for renewable and clean energy. CSP plants consist of four major components; the concentrator, receiver, transmission and storage system, and power conversion block. [1] [2] [3] Compared to wind power and photovoltaic plants, the competitive advantage of CSP plants is the ability to couple with thermal energy storage (TES) systems to provide dispatchable and stable electricity. 4, 5 Molten salt, which has a large specific heat and energy density, low vapor pressure and melting point, and relatively stable thermal properties, is widely used as storage fluid in TES systems. 6, 7 The twotank molten salt storage system is the current standard form in commercial plants. 8 The Crescent Dunes Solar Energy Project, the first 100 MW solar tower power plant, has a capacity of 110 MW and 10 h of thermal storage with a direct two-tank molten salt storage system. On a sunny day, molten salt absorbs heat from solar energy to generate electricity, and excess high-temperature molten salt is stored in the hot molten salt tank. At night or when it is cloudy, the molten salt in the hot tank discharges thermal energy to satisfy the demand for energy and then returns to the cold tank. The TES system is critical for balancing supply and demand. 9 Therefore, further research is required on the performance of the molten salt storage tanks.
A common molten salt is solar salt, a mixture of 60 wt. % sodium nitrate and 40 wt. % potassium nitrate. 10 The operating temperature of solar salt ranges from 290 C to 570 C. Typical operating temperatures are 290 C for the cold tank and 565 C for the hot tank in a tower solar plant. 11 Because of the temperature difference between the molten salt in tanks and the environment, heat loss and a decline in the temperature of the salt are inevitable even if the tank is well insulated. When the temperature of molten salt drops to the freezing point, the salt begins to solidify, endangering the normal operation of the whole plant. It is thus necessary to study the distribution of and change in the temperature of molten salt and heat loss in molten salt tanks.
Methods of researching temperature and heat loss in molten salt tanks can be categorized as numerical computation or the experimental measurement. In terms of numerical computation, considerable research on the thermal performance of molten salt tanks exists. Schulte-Fischedick et al. 12 simulated an 880 MWh molten salt heat storage system and studied heat loss in the salt tank based on a 50 MW parabolic trough solar commercial thermal power station in Spain. Rodr ıguez et al. 13 and Torras et al. 14 studied the thermal performance of molten salt tanks using a parallel modular object-oriented method, considering the influence of factors such as molten salt parameters, meteorological data, the thickness of insulation materials, and the structure of the storage tank foundation. Kelly and Kearney 15 developed a set of design theories for a two-tank molten salt thermal storage system at CSP plants of various scales and estimated the electrical cost of optimizing the heat storage structure and equipment. Gabbrielli and Zamparelli 16 proposed an optimized design procedure for molten salt tanks in parabolic trough solar power plants, integrating thermal, mechanical, and economic factors into the iterative process. Zaversky et al. 17 studied the transient model of heat loss in a two-tank storage system and described the heat transfer mechanism in detail. Su arez et al. 18, 19 created a one-dimensional multilayer model to analyze the effects of tank geometry, thickness of insulation materials, operating temperature of molten salt, and maximum allowable temperature of the concrete layer on heat loss through the tank bottom. Moreover, some researchers have used numerical simulation to examine the thermal characteristics of the molten salt thermocline in a porous packedbed tank. [20] [21] [22] [23] In terms of experimental measurements, there is limited research. Pacheco et al. 11, 24 experimentally examined heat loss in a molten salt tank in the Solar Two project. Herrmann et al. 25 used regression analyses to determine an empirical equation for heat loss in a molten salt tank. Prieto et al. 26 created a pilot test system to describe the temperature distribution of molten salt and heat loss in a molten salt tank.
There are two experimental methods of evaluating heat loss in a molten salt tank. One is to turn off the heating equipment and track the temperature change to determine the heat loss; the other is to monitor the extra heating power needed to maintain a stable thermal state in the molten salt tank. In this study, we created a 1 MW th pilot CSP plant and researched the cooldown behavior of the molten salt thermal storage tank after shutting off the heating devices. The tank temperature profile and the loss of heat from the tank to the environment were investigated at different liquid levels and operating temperatures of molten salt.
II. MATERIALS AND METHODS A. Materials
The storage material used in these analyses was a mixture of sodium nitrate and potassium nitrate (60 wt. % NaNO 3 and 40 wt. % KNO 3 ) provided by Zhejiang Lianda Chemical. NaNO 3 and KNO 3 have a purities of 99.9% and 99.6%, respectively. The levels of impurities in the salt mixture are given in The experiments were conducted at the 1 MW th pilot experimental facility shown in Fig. 1 , which was built to research thermal energy absorption and storage and steam generation characteristics in solar power plants. The experimental system comprised three parts-a lamp field, a molten salt thermal energy absorption and storage system, and a steam generation system (SGS)-and had a primary molten salt circuit and a secondary steam circuit. In the primary circuit, molten salt flowed through a receiver and absorbed heat energy from xenon lamps. High-temperature molten salt flowed through the steam generator system to generate steam by transferring heat from the salt to water or steam and then returned to the cold tank. Excess hightemperature molten salt was stored in the hot tank. In the secondary circuit, feed water passed through a preheater, evaporator, and superheater to be gasified into steam, and the steam was cooled to discharge energy. Sensors for measuring pressure, temperature, and flow were installed in the facility.
Thermal storage system
In the pilot experiment system, the hot storage tank and the cold tank were identical in structure and were made of A240 Gr 347H stainless steel to prevent galvanic corrosion, as the molten salt in the two tanks may have exceeded 300 C in the experiments. In the case of the failure of one tank, the molten salt could be temporarily poured into another tank. The experiments described here were performed in the hot tank. The tank had an inner diameter of 1600 mm and a height of 2500 mm, and its shell was 8 mm thick. The tank wall was insulated with 250 mm aluminum silicate wool to reduce heat dissipation. The main materials of the tank foundation were road base and light expanded clay aggregate (LECA). The thickness of each layer was 300 mm, and the ventilation pipes were laid on the bottom to prevent the concrete slab from overheating. The properties of the main materials, which were provided by their manufacturers, are listed in Table III .
To analyze temperature distribution and heat loss at different heights, 20 K-type thermocouples with an accuracy of 60.1 C were installed to measure the temperature of the molten salt/upper atmosphere, tank shell, and foundation. There were six thermocouples inside the tank at intervals of 400 mm in the height, which are shown in Fig. 2 (a). Five thermocouples distributed in a vertical spiral as shown in Fig. 2 (b) were fixed on the inner surface of the tank wall with metal strips. Temperature sensors were inserted into the foundation of the tank to record temperature profiles. The positions of the measurement points are shown in Fig. 2 (c). Four thermocouples were arranged axially in the middle of each layer or between layers of insulation, and another five thermocouples were distributed radially 250 mm apart between the road base and LECA layers. Eight cooling pipes were staggered in the fine gravel. Four 30 kW electric heaters with temperature controllers were added to the tank 90 C apart and 250 mm from the bottom. They were used to supply the heat loss of the molten salt to prevent the salt from solidifying.
C. Methodology
Before the temperature was measured, the molten salt in the tank was heated to a homogenous and steady state. Once the temperatures of the molten salt/upper atmosphere, tank shell, insulation layers, and foundation had all reached thermal equilibrium, the electric heaters were turned off and the temperature change and heat loss were recorded during the cooling process.
Molten salt absorbs excess energy from the solar field in the daytime and stores it in the tank for later use on cloudy days and in the evening. This experimental investigation focuses on temperature distribution and heat loss in thermal storage system, which have decisive effects on the outlet salt temperature during discharge and the efficiency of the power plant. Heat loss in the molten salt tank at different liquid levels and operating temperatures was investigated in this study. Heat flow in the molten salt thermal storage tank is shown in Fig. 3 . Heat loss in the tank can be obtained from the change in the temperature of the molten salt; that is, heat loss in the tank is approximately equal to the decrease in thermal energy of molten salt during the cooling process. In this study, six thermocouples were inserted into the tank, and the mean temperature of the molten salt was obtained from these thermocouples. _ Q total can be calculated using the following equation:
where _ Q total represents the total heat loss of the molten salt (W), m ms is the mass of the molten salt (kg), c ms is the specific heat capacity of the molten salt [J/(kg K)], and dTmsðtÞ dt is the temperature difference per unit time.
Meanwhile, the heat flux can be explicated as heat loss through the tank bottom to the foundation _ Q b , through the wet vertical wall _ Q ww , which is in direct contact with the molten salt, and through the upper surface of molten salt _ Q us , including the dry sidewall and the rooftop,
When calculating heat loss, the following assumptions were made:
(1) The tank is geometrically a strict cylinder with a spherical top surface. The influence of electric heaters and pumps on heat loss is deemed to the heat transfer on an equivalent area. That is, the heat transfer among materials is negligible.
The heat loss of each part is interpreted as 
where 
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scitation.org/journal/rse respectively ( C); e ms is the thermal emissivity of the molten salt; r is the Stefan-Boltzmann constant [W/(m 2 K 4 )]; a ms is the absorptivity of the molten salt; and _ g us is the irradiation on the molten salt upper surface (W/m 2 ).
III. RESULTS AND DISCUSSION A. Temperature distribution
The temperature change was recorded during the cooling process to investigate the temperature distribution and the location of serious heat loss in the tank, which was beneficial to preventing local crystallization and solidification. The cooling process lasted for 12 h, and the temperatures of the molten salt, upper atmosphere, tank shell, and foundation were evaluated.
The temperature changes in the molten salt and atmosphere in the tank at various liquid levels during the cooling process as well as the energy profile of the electric heaters are shown in Fig. 4 . The temperature of the upper atmosphere in the tank was lower than the temperature of the molten salt, and the atmosphere layer had marked temperature stratification. The temperature of the atmosphere decreased gradually as the height increased and dropped by 5.5 C to 6.5 C when the height increased 400 mm. During the cooling process, the cooling rate of the upper atmosphere was basically the same at different heights. The molten salt had no obvious stratification of temperature by height: the cooling rate was similar at different heights, except at measurement point T A-6 . After 12 h of cooling at an initial liquid level of 2040 mm, the temperature of the molten salt decreased from 409.9 C to 387.8 C, and the cooling rate was 1.84 C per hour.
The temperature of T A-6 decreased by nearly 80 C for 12 h, and the rate of decrease was three times that of the other measurement points inside the tank. One reason for this was that T A-6 was close to the electric heater, which was not insulated to prevent the electric heater from overheating. Heat energy was quickly lost through the four electric heaters. After the cooling process, the temperature at T A-6 increased faster than at the other points once the heater was turned on, which confirmed that this position was greatly affected by the heater and environment. On the other hand, molten salt near the tank walls cooled down because of the heat loss to the environment and moved down to the bottom of the tank. 28 Thus, the molten salt near the bottom is at a lower temperature value and the bottom is possible to be the position of the onset of solidification. In the actual operating process, extra care needs to be taken for the molten salt temperature near the bottom of the tank to avoid local molten salt solidifying. Figure 5 shows the change in the temperature of the inner furnace wall at different heights of the tank, the measurement points 
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scitation.org/journal/rse shown in Fig. 2(b) . When H ¼ 2040 mm, T B-1 and T B-2 were above the molten salt level, and the temperature at T B-1 was 3.5 C less than the temperature of the atmosphere at T A-1 in Fig. 4(a) , and the temperature and cooling rate at T B-2 were basically the same as those at T A-1 . T B-3 and T B-4 were located below the molten salt level, and the temperature and cooling rate were consistent with the change in the molten salt. The temperature at T B-5 , which was located close to the electric heater, was much lower than the temperature of the molten salt in the tank due to heat loss through electric heaters. When H ¼ 1546 mm, T B-1 , T B-2 , and T B-3 were in the atmosphere and T B-4 was immersed in the molten salt. When H ¼ 1039 mm, T B-1 , T B-2 , T B-3 , and T B-4 were all in the atmosphere, and the temperature at T B-4 was about 30 C lower than that of the molten salt. The temperature of the inner furnace wall was substantially the same as the temperature of the liquid inside the tank at the same height. The temperature of the foundation by height is shown in Fig. 6 . The temperature at the measurement points distributed radially was almost constant during the 12 h cooling process. Because of thermal inertia and the superior insulation of the foundation, the temperature of the foundation did not change immediately. Figure 7 shows the change in the liquid level during the cooling process without molten salt pumping in or out. When H ¼ 1039 mm initially, the density of the molten salt increased by 1.4% and the liquid level decreased by 2.0% during the 12 h cooling process. According to Table II , the density of the molten salt had a linear relationship with temperature. As the temperature decreased, the density of molten salt increased, and so the volume and liquid level of the molten salt were reduced by a small amount.
B. Heat loss
Heat loss is inevitable in a molten salt tank because of the temperature difference between the high-temperature molten salt and the environment. The heat loss in the molten salt tank is discussed during the cooling process at different liquid levels and operating temperatures of the molten salt. Figure 8 shows the change in the average temperature of molten salt, and Fig. 9 shows the change in the average temperature of the atmosphere, at liquid levels of 2040, 1546, and 1039 mm during the cooling process. The initial and final temperature and average heat loss from the molten salt to the insulation materials and environment during the cooling process are shown in Table IV . The temperature of Journal of Renewable and Sustainable Energy ARTICLE scitation.org/journal/rse the molten salt decreased 22.1 C at a liquid level of 2040 mm and decreased 41.5 C when H ¼ 1039 mm. The rate of decrease in the temperature of the molten salt and atmosphere at a liquid level of 1039 mm was 1.88 and 1.60 times that at a liquid level of 2040 mm, respectively. In a previous study, 2 the rate of decrease in the temperature of an empty tank was five to six times that of a full tank. The less liquid there is, the faster the temperature decreases inside a tank with a similar operating temperature. However, the average heat losses were 5823, 5917, and 5574 W at liquid levels of 2040, 1546, and 1039 mm, only a 5.8% difference. Thus, the heat loss of molten salt differs little by the liquid level. When the liquid level decreases, heat loss through the wet sidewall surface of the molten salt tank is reduced. Nevertheless, the area of radiative heat transfer between the top and side walls and the upper surface of molten salt increases and heat transfer is enhanced. Moreover, heat loss through the bottom remains constant. Therefore, the average heat loss of the molten salt tank changes very little at different liquid levels.
Effects of the liquid level on heat loss
Effects of operating temperature on heat loss
The operating temperature of molten salt ranges from 290 C to 565 C. The change in the temperature of the molten salt and atmosphere is shown in Figs. 10 and 11 . The average heat loss from the molten salt to the insulation materials and environment during the cooling process at different operating temperatures is given in Table V . When we tested at different operating temperatures, no molten salt was being pumped in or out, and the mass of the molten salt was maintained. The density of the molten salt had a linear relationship with temperature, as shown in Table II . When the temperature of the molten salt decreased, its volume and liquid level decreased by a small amount.
As the initial operating temperature varied from 557.7 C to 376.9 C, the temperature of the molten salt over the 12 h cooling process decreased by 37.4 C to 19.7 C and that of the atmosphere decreased by 42.2 C to 20.1 C. The average heat loss of the molten salt decreased by 48.2%, from 9970 to 5161 W, when the operating temperature changed from 557.7 C to 376.9 C. As the operating temperature rises, the temperature difference between the molten salt and the environment increases, which heightens heat transfer through the tank shells. Thus, the operating temperature of molten salt has a large effect on heat loss in the tank. Figure 12 shows average heat loss of molten salt at different liquid levels and operating temperatures. According to the results, the molten salt temperature dropped more sharply as the liquid level decreased, Journal of Renewable and Sustainable Energy ARTICLE scitation.org/journal/rse but the total heat loss of the molten salt had very little change. However, the molten salt operating temperature had a large effect on the heat loss of the molten salt. As the operating temperature increased, the cooling rate of molten salt temperature rose and the average heat loss of the molten salt increased significantly. In actual operation, the change in the molten salt temperature must be traced to avoid solidification. When the molten salt is stored in the tank for a long time, the power of the electric heater should be adjusted in time in accordance with the heat loss. Moreover, the effects of weather factors such as ambient temperature and wind speed were not discussed in this study and the experimental research would be carried out under different weather conditions in the future work.
IV. CONCLUSIONS
A pilot solar thermal power plant with a direct molten salt twotank TES system was designed and built. The thermal storage tank was equipped with many temperature sensors and other measurement equipment that made a deeper understanding of its thermal performance possible.
The temperature profiles and changes were evaluated at positions in the inner tank, tank shell, and foundation. The molten salt in the tank had no temperature stratification except at the unprotected position near the electric heater; however, there was obvious stratification by height in the upper atmosphere. When the initial liquid level was 2094 mm and the initial temperature of the molten salt was 409.9 C, the temperature of the salt decreased 1.84 C per hour, and the average temperature drop in the atmosphere was 1.76 C per hour, during the cooling process. The temperature of the foundation was basically unchanged during the cooling process because of serious thermal inertia.
Heat loss in the molten salt tank was discussed at different liquid levels and operating temperatures of molten salt, and the results showed that the rate of decrease in the temperature of the molten salt at a liquid level of 1039 mm was 1.88 times that at a liquid level of 2040 mm, although the difference in total heat loss was only 4.3%. When the operating temperature decreased from 557.7 C to 376.9 C, heat loss in the molten salt tank decreased by 48.2%, from 9970 to 5161 W. The liquid level of the molten salt had little effect on the total heat loss of the tank but had a great influence on the rate of temperature decrease of the molten salt. It is the operating temperature of the molten salt that has a significant influence on temperature distribution and heat loss in the storage tank.
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